Introduction
During angiogenesis, new blood vessels sprout from pre-existing ones. This mechanism requires the co-ordination of multiple steps that involve dynamic interactions between endothelial cells, vascular smooth muscle cells, pericytes, extracellular matrix, and vascular growth factors. 1 Once proangiogenic factors activate endothelial surface receptors, proteases are released into the extracellular space to degrade the basement membrane underlying the endothelium. Subsequently, endothelial cells proliferate, migrate and differentiate into a capillary-like tube network. 2, 3 As for many epithelias, the endothelium is supported by the basement membrane, a specialized form of extracellular matrix. Blood vessels sprouting is partially regulated by this basement membrane. 4 Indeed, the dynamic remodelling of the extracellular matrix, and its interactions with endothelial cells regulate sprouts behaviour during the different stages of angiogenesis including endothelial capillary morphogenesis and cell migration. [5] [6] [7] [8] Under physiological conditions, angiogenesis is driven by a balance between pro-and anti-angiogenic factors, that regulate embryonic development, organ growth, wound healing, and reproduction. 3, 9 However, the disruption of this angiogenic balance, leads to an abnormal vascularization that can contribute to pathological conditions including inflammation, autoimmune diseases, and cancer. 10 Human peroxidasin 1 (hsPxd01) has recently been shown to contribute to stabilization and stiffness of this basement membrane. The multidomain heme peroxidase was originally found to be expressed in the cardiovascular system, but nowadays is known to be widely expressed. [11] [12] [13] [14] The metalloenzyme is secreted into the extracellular space and the circulating plasma and embedded in the basement membranes. 11, 14 In addition, a study has demonstrated the localization of peroxidasin 1 within the endoplasmic reticulum and in the cell surface of Cos 7 cells expressing human recombinant peroxidasin. 15 Peroxidasin 1 belongs to Family 2 of the peroxidase-cyclooxygenase superfamily. 16 It is a homotrimeric highly glycosylated heme enzyme which-in addition to the catalytic peroxidase domain-comprises a leucine-rich repeat domain (LRR), four C-like immunoglobulin domains (Ig) at the N-terminus, and a C-terminal von Willebrand factor type C module (VWC). 17 Those non-catalytic domains are known to mediate protein-protein interactions. 18 Peroxidasin 1 was originally described as an enzyme essential for extracellular matrix consolidation and structural tissue integrity during the early steps of embryogenesis and larval development in Drosophila melanogaster. 19 This was related to its capacity to catalyze the formation of sulfilimine bonds (S = N) in the NC1 hexamers of collagen IV, the predominant constituent of basement membrane. 15, 20, 21 The biosynthesis of these covalent bonds was shown to depend on the presence of hydrogen peroxide and bromide. 20, 21 Furthermore, recent studies have demonstrated the correlation between clinical conditions such as congenital cataract, corneal opacity, and developmental glaucoma; and hsPxd01 mutations that affect the immunoglobulin and the peroxidase domains, 22 suggesting a crucial role for hsPxd01 in the stabilization of the ocular basement membrane. Finally, hsPxd01 has been identified as a glioma, melanoma, and renal carcinoma marker or determinant, 23, 24 suggesting its possible involvement in the regulation of tumour angiogenesis. During angiogenesis, endothelial cells interact with extracellular matrix components, and form filopodia or lamellipodia. This process initially involves proteolytic degradation of the extracellular matrix, which allows endothelial cells to proliferate and invade the extracellular matrix. The latters establish capillary tubules covered with a newly assembled basement membrane matrix, providing stabilization for the neoformed vessels. As a consequence, this delicate balance between degradation and assembly of the extracellular matrix is critical for an optimal angiogenic response. 25, 26 The angiogenic mechanism is mimicked in culture by the formation of tubule-like structures, a process called tubulogenesis. 27, 28 Although the enzymatic role of hsPxd01 in extracellular matrix remodelling is already characterized to some extent, its direct involvement in angiogenesis is not documented. This role has been proposed for homologous Family 1 peroxidases such as myeloperoxidase (MPO) and eosinophil peroxidase (EPO), 29 which are composed of peroxidase domains only and are typically stored within granules in leukocytes. This prompted us to investigate whether hsPxd01 is implicated in the regulation of the angiogenic process. In this article, we demonstrate that hsPxd01 exhibits a pro-angiogenic function both in vitro and in vivo through the modulation of ERK1/2, Akt, and Focal Adhesion Kinase (FAK) signalling pathways.
Methods

Cell culture
hTERT immortalized human aortic endothelial cells (TeloHAEC) were purchased from ATCC, and cultivated at 37 C, 5% CO 2 in vascular cell basal medium (ATCC), supplemented with vascular endothelial cell growth kit-VEGF (ATCC).
Cell transfection
TeloHAEC were grown to 70% confluency, and transiently transfected with universal negative control siRNA or siRNA targeting human hsPxd01 (Sigma), using GeneXPlus transfection reagent (ATCC). Cells were incubated at 37 C, 5% CO 2 for 48 h in culture medium devoid of heparin sulfate and antibiotics.
Cloning, expression, and purification of full length hsPxd01 and truncated constructs
Full length hsPxd01 was expressed and purified from a stable transfected HEK293 cells as described previously by Soudi et al. 17 DNA of hsPxd01-con4 (uniprotkb: Q92626, residues Pro246-Asp1314) was cloned into a modified gWiz vector (Genlantis) carrying an N-terminal His6 tag for protein purification. Forward and reverse polymerase chain reaction (PCR) primers for preparation of hsPxd01-con4 DNA were as follows:
Transformed Escherichia coli XL-10 cells were screened with colony-PCR. Positive clones were selected and validated by DNA sequencing. HsPxd01-con4 in gWiz vector served as template for site directed mutagenesis. In order to obtain inactive hsPxd01-con4 (hsPxd01-con4 Q823A) the highly conserved glutamine residue 823 in the active site (which is crucial for halide binding 30, 31 ) was exchanged by an alanine. Site directed mutagenesis primer were as follows: 
(Invitrogen) suspension cell system. Cells were cultivated according to the 'FreeStyle 293F-Cells User Guide' and transfected as previously described. 32 Heme was added to the culture medium to a final concentration of 5 mg/mL, 4 h after transfection to improve heme incorporation. Supernatants were harvested 5 days after transfection. Harvested supernatant was filtrated with a 0.45 mm PVDF membrane (Durapore) and concentrated to 100 mL using a Millipore Labscale TFF diafiltration system. Subsequently, the sample was adjusted to 1 M NaCl and 20 mM imidazole. For purification of the His6-tagged protein, 5 mL HisTrap FF columns (GE Healthcare) loaded with nickel chloride were used. After equilibration of the column with 100 mM phosphate buffer, pH 7.4, 1 M NaCl, and 20 mM imidazole, sample was loaded and washed with equilibration buffer. Protein was eluted using two consecutive step gradients of 8% and 70% of 20 mM phosphate buffer, pH 7.4 , 500 mM NaCl, and 500 mM imidazole. Eluted fractions were analysed by UV-visible spectroscopy and SDS-PAGE following standard procedures. Fractions were pooled and washed for five times with 100 mM phosphate buffer, pH 7.4, using Amicon Ultra-15, 30 kDa cut-off centrifugal filters (Merck Milipore). Bromination activities were tested spectrophotometrically by measuring the halogenation of NADH as described by Soudi et al. 17 
Tubulogenesis assay
Angiogenesis wells (Ibidi) were coated with 10 mL of growth factor reduced matrigel (ThermoFisher), then allowed to polymerize for 30 min at 37 C. Next, 10 4 cells were seeded per well, incubated at 37 C, 5% CO 2 and observed for tubule formation after 5 h. Pictures were taken from different fields with the Â10 objective using phase contrast microscopy (Nikon, Eclipse Ti). Vessel morphometric parameters including length of vessels and density of junctions were measured using AngioTool software.
Scratch assay
A total of 3 Â 10 4 cells were seeded into two well silicone insert defining a cell-free gap (Ibidi) and incubated overnight in growth medium at 37 C, 5% CO 2 to allow cell attachment. Inserts were then removed allowing cells to migrate and fill the gap, and fresh growth medium was added. Photographs were taken from different fields with the Â10 objective using light microscopy (PixeLINK PL-A642 Megapixel FireWire Camera). The cell-free wound surface was measured using the ImageJ software.
Cell proliferation assay
Cell proliferation was evaluated using Cell Proliferation Reagent WST-1 (Sigma) based on the measurement of the glycolytic production of NADH directly correlated to the number of active cells. A total of 25 Â 10 3 cells were cultured in growth medium (5% CO 2 ) for 24 h at 37 C, and 10 mL of WST-1 reagent were added per well.
Chicken chorioallantoic membrane angiogenesis assay
Fertilized eggs were opened at embryonic day E3. On embryonic day E7, 3 mm sterile PVA microsphere (Netcell surgical sponge loaded with 20 mL of full length hsPxd01, both active and inactive hsPxd01-con4 (C4 active and C4 inactive) at a concentration of 1 mM, were laid onto the egg chorioallantoic membrane. Vehicle or VEGF (5 mg/mL) (Sigma) were used as negative and positive controls, respectively. At embryonic day E10, chicken chorioallantoic membranes (CAMs) were collected. After image binarization, blood vessel density (relative % of blood vessel area) and length density (relative percentage of blood vessel length) were evaluated in a region located from 2 to 6 mm away from the microsphere boundary using Fiji. CAMs were then fixed (4% formalin) for 24 h and paraffin embedded. In order to identify blood vessels, immunohistochemical analyses were performed using the following primary antibody: anti-alpha smooth muscle actin (SMA) 1:600 (Abcam). The rabbit Envision kit (Dako, Glostrup, Denmark) was used for the secondary reaction. Five CAMs were analysed in each group. Whole tissue sections were finally digitalized (Ventana iScan HT, Ventana Medical Systems, Tucson, AZ, USA) and the relative alpha SMA-positive vessel areas were quantified by computerized counts QuPath 0.1.2 software.
RNA extraction and quantitative realtime-PCR
Total RNA was extracted from cells using spin columns (Qiagen) according to the manufacturer's instructions. Purity was assessed through absorption ratio (260/280 nm) measurements. One microgram of total RNA was treated with DNAase and reverse-transcribed using PrimeScript RT reagent Kit (Takara-Clontech). Quantitative real-time PCR (qRT-PCR) was performed using LightCycler V R 480 SYBR Green I Master (Roche). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a housekeeping gene for gene expression quantification. The relative expression was calculated according to the comparative DDCt method. Primer sequences are listed in Supplementary material online, Table S1 .
Western blot
Whole cell protein lysates were extracted in RIPA lysis buffer (Sigma) supplemented with protease inhibitor (Roche). They were centrifuged at 12 000 g, 4 C for 15 min, and protein concentration was measured using the bicinchoninic acid assay kit (ThermoFisher). Proteins were separated on SDS-PAGE under reducing conditions and transferred onto nitrocellulose membrane (GE Healthcare Life Sciences). After saturation with 5% milk, the membrane was incubated overnight at 4 C with primary antibodies: custom anti-hsPxd01 1:1000, or commercial antiPhospho ERK1/2 1:5000, anti-total ERK 1/2 1:10 000, anti-Phospho Akt 1:5000, anti-total Akt 1:10 000, anti-Phospho FAK 1:1000, and anti-total FAK 1:1000 (Abcam), washed, incubated with (HRP-conjugated) secondary antibody for 1 h at room temperature and revealed using the ECL substrate (PerkinElmer). Monoclonal anti-b-actin-peroxidase antibody 1:80 000 (Sigma) was used for protein loading control.
Software tools and statistics
The AngioTool software 33 is an open source validated tool that allows quantifications of different morphological parameters by assessing the variation in foreground and background pixel density across a microscopic image. QuPath 0. 1.2 software is an open source software for digital pathology image analysis. Image J software is a tool allowing image analysis and processing. Data were expressed as mean ± standard error of mean (SEM). For comparaison of two groups, unpaired t-test was used. Differences between multiple groups were evaluated using one-way or two-way ANOVA as appropriate, followed by Bonferroni post hoc test for multiple comparaison. The significance level was chosen as P-value: <0.05 (*), <0.01 (**), and <0.001(***). Experiments were repeated five times independently. All calculations were performed with GraphPad Prism 5.01. Junction density (B) and total vessels length (C) were quantified using the AngioTool software. Results are expressed as fold change over the vehicle control. Results are expressed as mean ± SEM of five independent experiments. Statistics were analysed using one-way ANOVA, followed by Bonferroni's multiple comparison test (**P < 0.01, ***P < 0.001; n = 5). ns, non-significant.
Results
Peroxidasin 1 promotes tubulogenesis in vitro and in vivo via its catalytic activity
TeloHAEC cells were seeded on matrigel supplemented with the recombinant full length homotrimeric protein (3 Â 163 kDa), and both active and inactive monomeric (120 kDa) truncated constructs (hsPxd01-con4 and hsPxd01-con4 Q823A: C4-active and C4-inactive) at a physiological dose (1 mM)
11 for 5 h ( Figure 1A) . The truncated variants lack the LRR and VWC domains as schematically depicted in Figure 1D . It has to be noted that hsPxd01 efficiently oxidizes bromide to hypobromous acid but is unable to use chloride as electron donor. 17 ,34 Results are expressed as mean ± SEM of five independent experiments. Statistics were analysed using one-way ANOVA, followed by Bonferroni's multiple comparison test (*P < 0.05, **P < 0.01, ***P < 0.001; n = 5). ns, non-significant. (10 4 ) were transfected with siRNA targeting hsPxd01 (si-hsPxd01) or scrambled siRNA (Blank), then treated with the full length hsPxd01 at a concentration of 1 mM, and seeded onto matrigel for 5 h. Micrographs were taken at Â10 magnification. Scale bars represent 200 mm. Junctions density (E) and total vessels length (F) were quantified using the AngioTool software, and expressed as fold change over the Blank. Results are expressed as mean ± SEM of five independent experiments. Statistics were analysed using one-way ANOVA, followed by Bonferroni's multiple comparison test (*P < 0.05, **P < 0.01, ***P < 0.001; n = 5).
.
The K M values for bromide were similar for both full length homotrimeric hsPxd01 (4.1 mM) and the monomeric construct hsPxd01-con4 (4.4 mM), which reflects similar heme cavity structure, whereas the catalytic efficiency for bromide oxidation (k cat /K M ) increased upon truncation ( Figure 1D) . 17 Importantly, upon exchange of the highly conserved halide-binding glutamine residue at the position 823 by alanine, the construct hsPxd01-con4 completely lost its capacity to oxidize bromide (C4-inactive). 16 Treatment of TeloHAEC cells with recombinant full length hsPxd01 promoted tube formation with a maximal 1.5-and 1.3-fold increase in junctions density and total vessels length respectively when compared with vehicle control. Similarly, active hsPxd01-con4 (C4 active) induced tube formation with a maximal 1.5-and 1.2-fold increase in junctions density and total vessels length respectively. However, no significant effect was observed with C4-inactive when compared with ) were transfected with hsPxd01 siRNA (si-hsPxd01) or scrambled siRNA (Blank), then seeded into two well culture insert and allowed to migrate for 24 h. Micrographs were taken at Â10 magnification. Scale bars represent 200 mm. (B) The relative change in the cell-free gap surfaces was measured at different time points and expressed as fold change over the control. Cells were counted (C) and the proliferation rate was evaluated at t24 h (D). Results are expressed as fold change and are shown as mean ± SEM of five independent experiments. Statistics were analysed using two-way ANOVA, followed by Bonferroni's multiple comparison test (***P < 0.001; n = 5). ns, nonsignificant.
Human peroxidasin 1 promotes angiogenesis ) were treated with the full length hsPxd01 and the truncated variants C4-active and C4-inactive (1 mM), or with VEGF (100 ng/mL) for 1 h. Representative western blots analysis of protein extracts were performed using the indicated antibodies. Graphs (A2, A3, A4) show the quantification of phosphorylation levels of the indicated kinases normalized to b-actin and total kinase expression. Results are expressed as fold change over vehicle control and shown as mean ± SEM of five independent experiments. (B1, B2, B3, B4, B5, B6) TeloHAEC cells (9 Â 10 4 ) were treated with the full length hsPxd01 or the truncated variants C4-active and C4-inactive (1 mM), or with VEGF (100 ng/mL) for 1 h. mRNA were extracted and analysed by qRT-PCR using primers targeting the indicated genes. Relative mRNA expression levels were normalized to GAPDH. Results are expressed as fold change over vehicle control, and are shown as mean ± SEM of five independent experiments. Statistics were analysed using one-way ANOVA, followed by Bonferroni's multiple comparison test (**P < 0.01, ***P < 0.001; n = 5). ns, non-significant. the vehicle control ( Figure 1B and C) . For comparaison, VEGF (100 ng/ mL)-known to promote tube formation-increased junctions density and total vessels length by 1.5-and 1.3-fold, respectively ( Figure 1B and C). These findings suggest that hsPxd01 promotes tubulogenesis via its catalytic activity. Neither loss of its oligomeric state nor of the LRR and VWC domains did affect hsPxd01-mediated tubulogenesis.
Next, we assessed the capacity of hsPxd01 to stimulate angiogenesis in vivo by using the chicken chorioallantoic membrane (CAM) assay. Macroscopic vessel and length densities were evaluated between 2 and 6 mm remote from the microsphere boundary. Upon treatment with full length hsPxd01 or C4-active vessel density increased when compared with vehicle control ( Figure 2B) . Interestingly, this increase in vessel density was similar to that observed upon treatment with VEGF (5 mg/mL) ( Figure 2B) . However, addition of C4-inactive (1 mM) did not induce angiogenesis ( Figure 2B) .
Increase in length density was only observed when CAMs were treated with full length hsPxd01 or VEGF ( Figure 2C) . Whereas treatment of CAMs with full length hsPxd01 significantly increased both vessel and length densities when compared with vehicle control ( Figure 2B and C), addition of C4-active showed a significant increase in blood vessel density only ( Figure 2B) . Considering microscopic SMA-positive vessels, results are in agreement with those obtained at macroscopic level ( Figure  2E) . Taken together, our data show that full length recombinant hsPxd01 and the construct C4-active are able to induce angiogenesis in vivo.
Effects of knockdown of endogenous peroxidasin 1 and supplementation by recombinant hsPxd01 on tubulogenesis
In order to determine the role of endogenous hsPxd01 in endothelial tube formation, we transfected TeloHAEC cells with hsPxd01 siRNA. Knockdown was achieved to around 80% of the control level for both mRNA ( Figure 3A ) and protein levels ( Figure 3B andC) . Scrambled siRNA was used as a control and did not show any significant effect (Blank). In contrast, knockdown of hsPxd01 affected the formation of tubular structures on matrigel ( Figure 3D ). Both junctions density and total vessels length were decreased by $40% (Figure 3E and F) when compared with wild-type cells.
Next, we probed whether addition of recombinant hsPxd01 is able to counteract the effects of hsPxd01 knockdown. Consequently, sihsPxd01 cells were seeded on matrigel and supplemented with recombinant full length hsPxd01 (1 mM) for 5 h ( Figure 3D) . As Figure 3D -F depict, addition of recombinant full length hsPxd01 partially restored tube formation in si-hsPxd01 cells with a maximal 1.4-and 1.3-fold increase in junctions density and total vessels length respectively when compared with untreated si-hsPxd01 cells. For comparaison, we found that VEGF (100 ng/mL) rescued tube formation in si-hsPxd01 cells with a maximal 1.6-and 1.4-fold increase in junctions density and total vessels length respectively when compared with untreated si-hsPxd01 cells ( Figure 3E and F).
Peroxidasin 1 is required for endothelial cell migration
As angiogenesis in vivo also requires cell motility, we assessed the effect of knockdown of hsPxd01 on endothelial cell migration. TeloHAEC cells were seeded into two well culture insert and allowed to migrate ( Figure 4A) . Cell-free gap surfaces were measured at different time points. Figure 4B shows that knockdown of hsPxd01 as opposed to scrambled siRNA (Blank) and control cells, significantly slows down the closure of the cell free gap by 25% after 24 h. Knockdown of hsPxd01 did not affect cell proliferation ( Figure 4C and D) excluding an impact of hsPxd01 knockdown on the cell cycle.
Peroxidasin 1 activates angiogenic signalling pathways and expression of proangiogenic downstream genes through its catalytic activity
As hsPxd01 affects endothelial cell migration and tube formation, which are characteristics for angiogenesis in vivo, we aimed to understand the underlying molecular mechanism. First, we investigated the ability of full length hsPxd01, C4-active and C4-inactive as well as VEGF to activate Extracellular signal-Regulated Kinases (ERK1/2), Protein kinase B (Akt), and FAK, actors of the major angiogenic signalling pathways. Treatment of TeloHAEC cells with both full length hsPxd01 and C4 active increased the phosphorylation of ERK1/2, Akt and FAK when compared with vehicle control. This effect is comparable to that seen with VEGF. However, no significant effect on kinases activation has been observed with C4-inactive ( Figure 5A1 , A2, A3, A4).
Next, we analysed the effect of recombinant full length hsPxd01, C4-active and C4-inactive on expression of downstream angiogenic genes encoding growth factors such as Platelet Derived Growth Factor Subunit B (PDGFB), endothelial-derived Heparin Binding EGF-like growth factor (HB-EGF), CXCL-1, a pro-angiogenic chemokine, and some of the "key" transcriptional regulators such as Hairy-Related Transcription Factor 1 (HEY-1), DNA-binding protein inhibitor (ID-2), and Snail Family Zinc Finger 1 (SNAI-1).
Treatment of TeloHAEC cells with the full length hsPxd01 and C4-active significantly enhanced the expression of PDGFB (2.4, 2.5)-fold, HB-EGF (5, 4.5)-fold, CXCL-1 (4.5, 4.7)-fold, HEY-1 (43, 37)-fold, ID-2 (17.8, 16.6 )-fold, and SNAI-1 (19, 18)-fold, respectively. These genes were also induced with VEGF (100 ng/mL) used as a positive control. However, addition of C4-inactive had no impact on expression of these genes when compared with vehicle control cells ( Figure 5B1 , B2, B3, B4, B5, B6). Our findings clearly suggest that addition of active recombinant hsPxd01 (either full-length homotrimeric or truncated monomeric) stimulates ERK1/2, Akt and FAK phosphorylation, and induces the expression of downstream angiogenic genes via its catalytic activity.
In addition, we examined the phosphorylation level of ERK1/2, Akt, and FAK in si-hsPxd01 treated cells. Phosphorylation of Akt and FAK was reduced in si-hsPxd01 cells compared with scrambled siRNA treated cells upon hsPxd01 stimulation ( Figure 6A1, A4, A5) . Interestingly, there was a significant increase of ERK1/2 phosphorylation in si-hsPxd01 cells after addition hsPxd01 when compared with hsPxd01-treated scrambled siRNA cells ( Figure 6A1, A3) . However, silencing of hsPxd01 did not affect ERK1/2, Akt and FAK activation upon stimulation by VEGF (Supplementary material online, Figure S1 A1, A3, A4, A5). Furthermore, we probed whether endogenous hsPxd01 regulates downstream angiogenic gene expression. Knockdown of hsPxd01 did not alter the basal level of PDGFB, HB-EGF, CXCL-1, HEY-1, ID-2 and SNAI-1 expression ( Figure 6B2 , B3, B4, B5, B6, B7), whereas expression of HEY-1, ID-2, and PDGFB was reduced by 29-fold, 7-fold, and 1.3-fold respectively in hsPxd01-treated si-hsPxd01 cells when compared with hsPxd01-treated scrambled siRNA cells ( Figure 6B5, B6, B2) . Moreover, addition of recombinant hsPxd01 induced the expression of endogenous hsPxd01 both at mRNA ( Figure 7A ) and protein levels ( Figure 7B and C) in wild-type cells. Taken together, these results suggest ) were treated with the full length recombinant hsPxd01 (1 mM) for 1 h. Representative western blots analysis of protein extracts were performed using the indicated antibodies. Graphs (A2, A3, A4, A5) show the quantification of hsPxd01 protein level and phosphorylation levels of the indicated kinases normalized to b-actin and total kinase expression, and expressed as fold change over Blank. (B1, B2, B3, B4, B5, B6, B7) Scrambled siRNA (Blank) and si-hsPxd01-transfected cells (9 Â 10 4 ) were treated with the full length recombinant hsPxd01 (1 mM) for 1 h. mRNA were extracted and analysed by qRT-PCR using primers targeting the indicated genes. Relative mRNA expression levels were normalized to GAPDH. Results are expressed as fold change over blank and are shown as mean ± SEM of five independent experiments. Statistics were analysed using one-way ANOVA, followed by Bonferroni's multiple comparison test. (**P < 0.01, ***P < 0.001; n = 5). ns: non-significant.
that extracellular hsPxd01 regulates the expression of some angiogenic genes (e.g. HEY-1, ID-2, and PDGFB) via expression of endogenous hsPxd01, while it controls another gene pack through a pathway independent of endogenous hsPxd01. In the same context, VEGF (100 ng/ mL, 48 h) had no effect on the expression of the endogenous hsPxd01 (Supplementary material online, Figure S2 A, B, C) . Moreover, hsPxd01 silencing did not affect downstream genes expression upon VEGF stimulation (Supplementary material online, Figure S1 B2, B3, B4, B5, B6, B7), suggesting that endogenous hsPxd01 does not interfere in proangiogenic response induced by VEGF. This may explain the rescue effect of exogenously added VEGF in hsPxd01 knockdown cells on both tube formation and cell migration ( Figure 3D -F and Supplementary material online, Figure S3A and B, respectively). Taken together, our study suggests that hsPxd01 and VEGF promote angiogenesis independently.
Discussion
During angiogenesis, endothelial cells interact with extracellular matrix components. The present work proposes a role of human peroxidasin in this highly coordinated process. This multidomain peroxidase was originally described as an enzyme essential for extracellular matrix consolidation and remodelling by catalyzing the formation of sulfilimine bonds in collagen IV (the predominant constituent of basement membrane) via the H 2 O 2 -mediated oxidation of bromide to hypobromous acid. 15, [19] [20] [21] Among the many processes involved in angiogenesis, tube formation and cell migration are amenable to experimentation in culture through tubulogenesis and scratch assays. Our data clearly demonstrated that addition of recombinant hsPxd01 stimulated tube formation in endothelial cells as well as in the chicken embryo chorioallontoic membrane (CAM) assay. The recombinant enzyme significantly induced vascularization, associated with an increase of alpha-smooth muscle actin-positive vessels. Importantly, both full length homotrimeric hsPxd01 and the monomeric construct C4-active (which lacks the LRR and VWC domains) promoted tubulogenesis both in vitro and in vivo, whereas the enzymatically inactive construct (C4-inactive) had no impact. This corroborates recent studies demonstrating that LRR and VWC domains are not required for efficient sulfilimine cross-links formation in collagen IV mediated by various hsPxd01 constructs. 21 Moreover, it has been demonstrated that the proteolytic elimination of the VWC domain by proprotein convertase in vivo enhances the catalytic activity of hsPxd01 and represents a key regulatory process in the physiological function of human peroxidasin 1. 35 Along the same line, a recent report has shown that the pro-angiogenic effect of two other heme peroxidase family members MPO and EPO was reduced using a specific peroxidase inhibitor, highlighting the importance of the catalytic activity for peroxidasemediated angiogenesis. 29 Furthermore, we confirmed the importance of endogenous hsPxd01 in angiogenesis, since its silencing reduced both tube formation and cell migration. These findings are supported by recent studies showing that melanoma and choriocarcinoma cells migratory behaviour and invasion were reduced as a consequence of hsPxd01 silencing. 36, 37 Active recombinant peroxidasin 1 (both full length hsPxd01 and C4-active) were demonstrated to promote the pro-angiogenic activity by activation of the extracellular signal-regulated kinases (ERK1/2), Protein kinase B (Akt), and FAK, which are known to regulate cellular events required for endothelial proliferation, migration and tube formation [38] [39] [40] similar to VEGF used as a positive control. In hsPxd01 knockdown cells, phosphorylation of Akt and FAK (but not ERK1/2) was reduced, suggesting that endogenous hsPxd01 is implicated in Akt and FAK, but not in ERK1/2 activation. A recent study showed that endogenous hsPxd01 acts upstream of the Akt pathway. 41 However, another study reported that ) were treated full length hsPxd01 (1 mM) for 48 h. (A) mRNA were extracted and analysed by qRT-PCR. Relative hsPxd01 mRNA expression levels were normalized to GAPDH. (B) Representative western blot analysis using anti-hsPxd01 antibody and quantification (graph) (C) show the induction of expression of endogenous hsPxd01 after 48 h of addition of full length recombinant hsPxd01. Results are expressed as fold change over control, and are shown as mean ± SEM of five independent experiments. Statistics were analysed using unpaired t-test (*P < 0.05, **P < 0.01; n = 5). endogenous hsPxd01 could also regulate ERK1/2 activation in smooth muscle cells. 13 So far, no study has demonstrated a link between peroxidasin 1 and FAK phosphorylation. The sustained activation of ERK1/2 may explain the rescue effect of exogenously added recombinant hsPxd01 in knockdown cells on tube formation, complementary to other signalling cascades that could be implicated. It has to be noted that endogenous hsPxd01 has been shown to activate Jun N-terminal kinase (JNK) and p38 mitogen-activated protein kinase (MAPK) in endothelial cells. 42, 43 Knockdown of hsPxd01 only affected the expression of PDGFB, HEY-1, and ID-2, which could be correlated to Akt or FAK but not ERK dysregulation in those cells. Indeed, the inhibition of Akt pathway in tumorigenic hepatic and melanoma cells, led to a decrease in both PDGFB and HEY-1 expression. 44, 45 Furthermore, in a model of human embryonic stem cells, the inhibition of Src/FAK signalling suppresses ID-2 expression. 46 With respect to unaffected genes, the inhibition of the ERK1/2 significantly decreases CXCL-1 and HB-EGF expression in endometrial and airway smooth muscle cells respectively. 47, 48 Moreover, SNAI-1 has been identified as a downstream effector of ERK signalling during tumour progression. 49 In summary, our work supports a role of hsPxd01 as a pro-angiogenic secreted peroxidase capable of regulating vessel formation through its catalytic activity. Moreover, we suggest possible signal transduction cascades by which hsPxd01 may mediate its pro-angiogenic response. Thus, the extracellular hsPxd01 promotes Akt, FAK, and ERK1/2 activation. The activation of the two first kinases involves endogenous hsPxd01 as a link. We propose that the pro-angiogenic role of endogenous hsPxd01 may be mediated through its capacity to form hypohalous acids, known as intracellular angiogenic modulators during vascular formation and development. 50 Further investigations are required to precisely establish the mechanisms by which hsPxd01 activates pro-angiogenic signalling, using proteomicbased approaches to screen for intracellular post-translational modifications. Therefore, human peroxidasin 1 could be an interesting angiogenic therapeutic molecule that would enhance wound repair and vascular regeneration after ischaemic events. However, additional works are required to investigate a possible implication of endogenous peroxidasin 1 in angiogenesis through alternative signalling pathways.
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